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Vibrio cholerae is lethal to the model host Drosophila
melanogaster through mechanisms not solely attrib-
utable to cholera toxin. To examine additional viru-
lence determinants, we performed a genetic screen
in V. cholerae-infected Drosophila and identified
the two-component system CrbRS. CrbRS controls
transcriptional activation of acetyl-CoA synthase-1
(ACS-1) and thus regulates the acetate switch, in
which bacteria transition from excretion to assimila-
tion of environmental acetate. The resultant loss of
intestinal acetate leads to deactivation of host insulin
signaling and lipid accumulation in enterocytes, re-
sulting in host lethality. These metabolic effects are
not observed upon infection with DcrbS or Dacs1
V. cholerae mutants. Additionally, uninfected flies
lacking intestinal commensals, which supply short
chain fatty acids (SCFAs) such as acetate, also
exhibit altered insulin signaling and intestinal steato-
sis, which is reversed upon acetate supplementation.
Thus, acetate consumption by V. cholerae alters host
metabolism, and dietary acetate supplementation
may ameliorate some sequelae of cholera.
INTRODUCTION
The bacterium Vibrio cholerae causes the life-threatening but
noninvasive human diarrheal disease cholera. While much is
known regarding the regulation and function of the toxin coregu-
lated pilus and cholera toxin within the host intestine, the
absence of an inexpensive, genetically tractable model has
limited the exploration of other aspects of the host-pathogen
interaction. In order to investigate the interplay between
V. cholerae and the host intestine, our laboratory, together with
others, recently establishedDrosophila melanogaster as amodel
(Berkey et al., 2009; Blow et al., 2005; Guichard et al., 2013;
Purdy and Watnick, 2011; Wang et al., 2012, 2013). V. cholerae
causes a lethal infection in Drosophila within 72 hr of ingestion592 Cell Host & Microbe 16, 592–604, November 12, 2014 ª2014 Els(Blow et al., 2005). In this model, cholera toxin promotes intesti-
nal leakage by inhibiting trafficking of host proteins to cell junc-
tions (Guichard et al., 2013). Intestinal epithelial damage is
further aggravated by V. cholerae suppression of intestinal
stem cell division (Wang et al., 2013).
Elimination of cholera toxin and acceleration of host epithelial
regeneration delayed, but did not eliminate, host death in
response to V. cholerae infection (Blow et al., 2005). This sug-
gested the existence of additional virulence factors. We under-
took a genetic screen that identified a two-component system
required for swift lethality. This two-component systemactivated
transcription of acs1, the gene encoding acetyl-CoA synthase
(ACS-1), which is responsible for bacterial assimilation of acetate
(Wolfe, 2005). Therefore, we named this two-component system
CrbRS for carboxylic acid regulator and sensor. Here, we
demonstrate that CrbRS and ACS-1 participate in colonization
of the host intestine, deactivation of the host insulin/insulin-like
growth factor signaling (IIS) pathway, and accumulation of lipids
within enterocytes in a process known as intestinal steatosis.
This results in host death.We propose that the absence of bacte-
rially derived intestinal acetate is responsible for the observed
metabolic dysregulation and support this by demonstrating
that uninfected germ-free flies display a similarmetabolic pheno-
type and that this phenotype can be reversed by acetate supple-
mentation in the diet.
Short chain fatty acids (SCFAs) such as acetate, which are
produced by the commensal microbiota of the terminal ileum
and colon, contribute to intestinal and systemic health (Russell
et al., 2013). Here we report a virulence strategy of a noninvasive
intestinal pathogen in which consumption of these SCFAs af-
fords the pathogen a growth advantage, interrupts host endo-
crine control, and promotes inappropriate lipid storage leading
to rapid host demise.RESULTS
A Screen of Transposon Insertion Mutants Identifies a
Histidine Kinase Encoded at Locus VC0303 as a
Virulence Factor
To identify V. cholerae virulence factors other than cholera toxin,
we used the mariner transposon to create a library of 2,802evier Inc.
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ground and conducted a forward genetic screen to identify mu-
tants with altered virulence in the Drosophilamodel (Rubin et al.,
1999). We identified 16 transposon insertion sites that resulted in
decreased virulence but no growth defect in LB broth (Table S1,
available online). These included insertions in genes known to
play a role in biofilm formation, which is required for colonization
of the Drosophila intestine (Purdy and Watnick, 2011), multiple
genes involved in transport and utilization of carbohydrates
and amino acids, one involved in cell wall synthesis, and three
genes of unknown function. In this study, we focus on a histidine
kinase encoded by VC0303, whose mutation resulted in a signif-
icant virulence defect (Figure 1A). The N terminus of this protein
demonstrates homology to the sodium-solute family of symport-
ers, while the C terminus consists of a PAS domain, a histidine
kinase domain, and a receiver domain (Figure 1B). To confirm
the role of this protein in virulence, we constructed a mutant car-
rying an in-frame deletion in this gene and compared its ability to
mount a lethal infection with that of wild-type V. cholerae. This
mutant had a virulence defect similar to that of the transposon
insertion mutant (Figure 1F).
VC0303 and VC2702 Encode the Two-Component
System, CrbRS
We hypothesized that VC0303 might regulate known V. cholerae
toxins or virulence factors (Baselski et al., 1977; Olivier et al.,
2007, 2009). However, we found that transcription of the genes
encoding themaster virulence regulators ToxR and ToxT, cholera
toxin, the RTX toxin, cytolysin, and the hemagglutinin protease
were not significantly different in wild-type V. cholerae and
DVC0303mutant infections of the fly (Figure S1). This suggested
to us that VC0303might regulate the transcription of a previously
uncharacterized virulence factor. To identify this factor, we car-
ried out RNA sequencing (RNA-seq) analysis of whole flies fed
wild-type V. cholerae or a DVC0303 mutant (Table S2). Signifi-
cantly differentially regulated genes were predicted to encode
proteins involved in short chain fatty acid uptake and utilization.
These included a putative cation-acetate symporter (sssA;
VC2705), a putative acetyl-CoA synthase (acs1; VC0298), and
the propionate metabolism enzyme 2-methyl isocitrate lyase
(prpB, VC1336) (Van Dellen et al., 2008). Therefore, we named
VC0303 CrbS for carboxylic acid sensor.
Bacterial histidine kinases regulate protein expression at the
level of transcription by phosphorylating a response regulator
that binds DNA (Stock et al., 2000). Based on the co-occurrence
and proximity of homologs of these two proteins in the genomes
of other bacteria, STRING analysis suggested that the transcrip-
tion factor encoded at locus VC2702 might be the cognate
response regulator of CrbS (Figure S2A) (Franceschini et al.,
2013). Furthermore, in bacteria, transcription factors are often
located next to genes that they regulate. We noted that
VC2705, a gene whose transcription was significantly decreased
in response to mutation of crbS, was in the operon adjacent to
VC2702 (Figure 1C). Lastly, a DVC2702 mutant had a virulence
defect similar to that of the DcrbS mutant (Figure 1F). To deter-
mine whether the regulons of CrbS and VC2702might be similar,
we compared transcription of sssA, acs1, and VC1335, the first
gene in the operon encoding VC1336, in wild-type V. cholerae
as well as DcrbS and DVC2702 mutants (Figure 1D). Transcrip-Cell Host &tion of each of these genes was greatly decreased in both the
DcrbS and DVC2702 mutants as compared with that in wild-
type V. cholerae regardless of whether these bacteria were har-
vested from broth or Drosophila. However, transcription of the
vpsL gene, which is required for biofilm matrix synthesis, was
not different in these strains. These observations provide evi-
dence that VC2702 is CrbR, the cognate response regulator of
CrbS.
CrbRS Controls the V. cholerae Acetate Switch
E. coli produce acetate through fermentation and excrete it into
the medium. As the culture medium is depleted of acetogenic
carbon sources, acetate excretion ceases, and assimilation be-
gins in a regulatory process termed the acetate switch (Wolfe,
2005). The acetate switch is the manifestation of increased
transcription of the gene encoding acetyl-CoA synthase, which
converts acetate and ATP to acetyl-AMP and then reacts with
CoA-SH to produce acetyl-CoA.
We hypothesized that acs1, whose transcription was de-
creased more than 1,000-fold in DcrbS and DcrbR mutants,
encoded the acetyl-CoA synthase responsible for acetate assim-
ilation in V. cholerae and that CrbRSmight be the regulatory sys-
tem controlling the V. cholerae acetate switch. To test this, we
measured the concentration of acetate in wild-type and mutant
V. cholerae culture supernatants over time (Figure 1E). Acetate
accumulated in the supernatants of wild-type V. cholerae cul-
tures over the first 6 hr of incubation and then decreased, sug-
gesting consumption. In contrast, only acetate accumulation
was observed in mutant cultures. This supports our hypotheses
that (i) acs1 is required for acetate assimilation in V. cholerae, (ii)
CrbR is the cognate response regulator of CrbS, and (iii) CrbRS
controls the acetate switch in V. cholerae.
Acetate Assimilation Is Essential for V. cholerae
Virulence in the Fly
Transcription of the genes encoding ACS-1 and the putative
acetate transporter SssA are strongly activated by CrbRS. We
questioned whether either of these two proteins might be
responsible for the virulence defect of CrbRS. While the Dacs1
mutant had a virulence defect similar to that of the DcrbSmutant
(Figure 1F), mutation of sssA did not affect host survival (Fig-
ure S2B). As a control, we established that the lifespan of
Drosophila passaged on LB broth alone is approximately 30–
40 days. Therefore, LB broth itself is not toxic or lethal to flies
in the time frame of these experiments (Figure S2C). Acetate
transport is required for acetate assimilation. In E. coli, acetate
transport is redundantly carried out by ActP, a homolog of
SssA, and SATP, a succinate/acetate transporter (Gimenez
et al., 2003; Sa´-Pessoa et al., 2013). Because a DsssA mutant
has no virulence defect, we hypothesize that there is also redun-
dancy in acetate transport by V. cholerae.
To confirm the importance of regulation of ACS-1 by CrbRS in
virulence, we performed epistasis experiments. We first rescued
the virulence defects of theDcrbS,DcrbR, andDacs1mutants by
provision of acs1 on a plasmid (Figures S2D and S2E). The acs1
gene restored full virulence to the Dacs1mutant but only partially
rescued the DcrbS and DcrbRmutants. This suggests that other
targets of CrbRS may also contribute to virulence. In addition,
although provision of a crbR allele in trans rescued a DcrbRMicrobe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc. 593
Figure 1. CrbRS Is a Two-Component System that Regulates the Acetate Switch in LB Broth and Flies
(A) Survival over time of Oregon R flies fed either a V. cholerae DctxA mutant (DctxA) or a DctxA mutant carrying a transposon insertion in VC0303 (DctxA
VC0303::Tn).
(B) Conserved domains of VC0303, including the N-terminal sodium-solute symporter domain in which the pink rectangles represent 12 transmembrane do-
mains, a PAS domain, which is hypothesized to be involved in signal transduction, a phosphoacceptor domain (HK), an ATPase domain (HATPase), and a receiver
domain (Rec).
(C) Predicted open reading frames in the region surrounding VC0303 (crbS) and VC2702 (crbR).
(D) qRT-PCR measurements of the noted genes in wild-type V. cholerae as well as DcrbS and DcrbR mutants harvested either from LB broth or from the fly.
(E) Acetate concentration as a function of time in the supernatants of wild-type V. cholerae or DcrbS, DcrbR, or Dacs1 mutants cultured in LB broth.
(F) Survival over time of flies fed LB broth (LB), LB broth inoculated with wild-type V. cholerae (WT), or DcrbS, DcrbR, or Dacs1 mutants.
(G) Colony-forming units (cfu) per fly after ingestion of LB broth inoculated with wild-type V. cholerae or the indicated mutant for 48 hr. For pooled data, the mean
and SD are shown. *p < 0.05 as calculated by Student’s t test. See also Figures S1–S5 and Tables S1 and S2.
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defect of a DcrbRDacs1 double mutant (Figure S2F). These
data support a role for ACS-1 downstream of CrbRS in the regu-
lation of virulence.
We hypothesized that the virulence defect of the DcrbRS and
Dacs1mutants might be due to their inability to consume acetate
within the host intestine and, therefore, that intestinal acetate
might attenuate virulence. To test this, we supplemented the in-
gestedmediumwith acetate andmeasured survival. Provision of
50 mM acetate prolonged fly survival but did not affect growth of
V. cholerae (Figure S3). Taken together, our observations sug-
gest that the V. cholerae acetate switch and acetate assimilation,
which is regulated by the switch, play a major role in virulence in
this model host.
CrbRS Promotes Intestinal Growth when Wild-Type
V. cholerae Are in the Minority
We considered the possibility that acetate is an essential nutrient
for growth of V. cholerae in the fly intestine. However, neither the
DcrbRS nor the Dacs1 mutant displayed a growth defect either
when cultured in LB broth or when administered to flies in this
medium (Figures 1G and S4A). To examine the possibility that
the mutant might exhibit a growth defect in a particular intestinal
compartment, we labeled wild-type and DcrbS and Dacs1
mutant V. cholerae with the green fluorescent protein (GFP)
and then imaged the distribution of bacteria in the intestine (Fig-
ure S4B). However, no difference in distributionwas appreciated.
As more stringent tests, we assessed colonization by wild-
type V. cholerae and a DcrbSmutant when administered to flies
in nutrient-freemedium for 72 consecutive hours or when admin-
istered to flies in nutrient-free medium for 48 hr and then
removed to sterile medium for the final 24 hr (Purdy andWatnick,
2011). However, these assays did not demonstrate a growth
defect for the DcrbS mutant (Figure S4C). Finally, we performed
competition experiments in which a DcrbSmutant and wild-type
V. cholerae were administered together either in equal numbers
or in a 9:1 ratio. As shown in Figures S4D and S4E, wild-type
V. cholerae demonstrated a growth advantage only when it
was in the minority. We hypothesize that acetate consumption
may promote intestinal growth early in infection when the burden
of V. cholerae is low and acetate is mainly provided by the
commensal bacteria.
V. cholerae CrbRS Does Not Influence the Intestinal
Microbiota
We considered the possibility that consumption of acetate by
V. cholerae might disrupt the microbial community within the
gut and that mutation of crbRS might prevent this. Therefore,
we prepared DNA from whole flies and used 16S sequencing to
define the intestinal microbiota (Figure S4F). The intestinal micro-
biota of flies fed LB broth alone was dominated by Acetobacter
species but also included Lactobacillus. After infection, however,
bothwild-type V. cholerae and theDcrbSmutant greatly outnum-
bered other species within the intestine, accounting for close to
95% of the reads in each experimental replicate. To determine
whether the commensal bacteria were displaced by V. cholerae
during infection, we used 16S qPCR to assess the numbers of
Acetobacter and Lactobacillus sp in the intestine before and after
infection (Figures S4G and S4H). As validation of our qPCR tech-Cell Host &nique, we also measured Acetobacter colony-forming units (cfu)
in uninfected flies fed either standard fly food or LB broth (Fig-
ure S4I). There was good agreement between these two
methods, and we found no significant differences in the burden
of Acetobacter and Lactobacillus sp in the intestines of LB-fed
uninfected flies, flies infected with wild-type V. cholerae, or flies
infected with DcrbS and Dacs1mutants. Therefore, we conclude
that V. cholerae dominates but does not displace the microbial
community within the fly intestine in this infection model and
that the action of CrbRS does not disrupt the dynamics of themi-
crobial community during intestinal infection.
CrbRS Does Not Modulate the Host Innate Immune
Response
TheDrosophila intestine responds to infection by elaboration of a
chemical barrier comprised of reactive oxygen species (ROS)
generated by dual oxidase and antimicrobial peptides (AMPs)
produced as a result of activation of the IMD signaling pathway
(Royet, 2011). We used dihydrodichlorofluorescein diacetate
(DCF-DA), amolecule that fluoresces upon oxidation, to visualize
and quantify ROS production in uninfected and infected intes-
tines. Ingestion of LB broth has previously been reported to acti-
vate ROS in the fly intestine due to high concentrations of uracil
(Lee et al., 2013). We found that ingestion of LB broth inoculated
with wild-type V. cholerae or a DcrbS mutant decreased intesti-
nal ROS as compared with ingestion of LB broth alone (Figures
S5A and S5B).
We then assessed activation of the IMD pathway by wild-type
and mutant V. cholerae both locally in the gut and systemically
using a fly carrying the diptericin promoter fused to GFP. In an
oral infection, wild-type and mutant V. cholerae induced GFP
within the intestine to similar degrees (Figure S5C). However,
systemic induction of GFP was not observed following ingestion
of V. cholerae (Figure S5D). As a control, we demonstrated that a
robust systemic immune response could be elicited by introduc-
tion of V. cholerae directly into the hemolymph via a septic injury
model (Figure S5E). Taken together, these findings suggest that
the action of CrbRS does not modulate the host intestinal or sys-
temic innate immune response under the conditions assayed
here.
CrbRS Does Not Disrupt the Epithelial Barrier
The Drosophila gut is comprised of multiple concentric layers
forming a physical barrier that contains and controls intestinal
pathogens (Charroux and Royet, 2010; Lemaitre and Miguel-
Aliaga, 2013). The peritrophic membrane (PM), which directly
contacts the intestinal lumen, is composed of chitin and chitin
binding proteins (Hegedus et al., 2009; Lehane, 1997), and
V. cholerae is exquisitely adapted for consumption of chitin (Li
and Roseman, 2004; Meibom et al., 2005). Therefore, we exam-
ined the role of CrbRS in breaching this physical barrier. Staining
of the PM using the lectin wheat germ agglutinin revealed similar
decreases in PM thickness upon infection with wild-type
V. cholerae or a DcrbS mutant (Figures S5F and S5G).
The epithelial cells of the fly intestine are joined by cell junc-
tions that present a second physical barrier to intestinal patho-
gens. We previously demonstrated that V. cholerae disrupts
intestinal adherens junctions (Wang et al., 2013), and Guichard
et al. (2013) have shown that cholera toxin plays a major role inMicrobe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc. 595
Figure 2. Deletion of crbS Rescues Differ-
ential Regulation of Host Genes by
V. cholerae Infection
(A) Enumeration of significantly differentially
regulated genes identified in the RNA-seq analysis
that have their highest level of expression in the
indicated anatomical location.
(B–G) qRT-PCRmeasurements of transcript levels
in uninfected (LB), wild-type V. cholerae-infected
(WT), or DcrbS-infected whole flies (B–F) or in-
testines only (G). Transcription of the genes en-
coding Spaetzle-processing enzyme (SPE) (B),
Jonah 99Fii (Jon99Fii) (C), Niemann-Pick type
C-2g (Npc2g) (D), PGRP-SC2 (E), and Ecdysone-
inducible gene L2 (ImpL2) (F) is measured. The
mean and SD are shown. The gene names are
color coded according to their anatomical location
of maximum expression as shown in (A), and
conserved domains found in each gene are shown
below the gene name. See also Table S3.
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E-cadherin to the fluorescent protein tomato, we found that
organization of E-cadherin in the cell junction was similarly dis-
rupted by wild-type V. cholerae and a DcrbS mutant infection
(Figure S5H). This suggests that CrbRS does not play a role in
disruption of the intestinal epithelium under the conditions stud-
ied here.
Identification of Changes in the Transcriptome of the
Infected Fly that Are Rescued by Mutation of crbS
While theCrbRS two-component system is a key virulence factor
in the lethal infection caused by V. cholerae, we could not
pinpoint an effect of this system on any of the well-studied inter-596 Cell Host & Microbe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc.actions between intestinal pathogens
and model arthropod hosts. Therefore,
we hypothesized the involvement of a
different virulence mechanism. To gain
further insight into this, we examined
the differences in the host transcriptional
response to wild-type V. cholerae and
a DcrbS mutant. We identified 113
Drosophila genes that were significantly
differentially regulated (Table S3). The
majority of these were most highly ex-
pressed in themidgut and the gut-associ-
ated Malpighian tubules (Figure 2A),
transcription of all but three genes was
increased in a DcrbS mutant infection as
compared with wild-type, and hypergeo-
metric mean analysis showed that molec-
ular functions relevant to sugar, lipid,
and proteinmetabolismwere significantly
overrepresented in the set of differentially
regulated genes (Table S3). These obser-
vations suggest that elimination of CrbRS
introduces a luminal signal that activates
a metabolic intestinal response, and we
hypothesize that this signal is acetate.We identified a number of host genes whose transcription in
DcrbS mutant infection was closer to that found in uninfected
flies (Figures 2B–2F). These included genes encoding the Toll
pathway protease SPE (Jang et al., 2006), the intestinal protease
Jon99Fii, the lipid transport protein Npc2g (Huang et al., 2007),
the intestinal inhibitor of innate immunity PCRP-SC2 (Guo
et al., 2014), and the negative regulator of the insulin signaling
(IIS) pathway ImpL2 (Honegger et al., 2008). With the exception
of ImpL2, transcription of each gene was decreased by wild-
type V. cholerae infection and rescued by deletion of crbS.
These results validate our RNA-seq analysis and demonstrate
that deletion of crbS at least partially reverses the impact of
V. cholerae infection on the host transcriptome.
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reach statistical significance (Figure 2F). We questioned whether
transcription of ImpL2 might be specifically activated in the in-
testine in response to the presence of V. cholerae in the lumen.
Therefore, we measured ImpL2 transcription in intestines alone.
As shown in Figure 2G, transcription of intestinal ImpL2
increased 4-fold in response to wild-type V. cholerae infection
and was rescued by mutation of crbS.
V. cholerae Infection Causes Deactivation of the Host
Insulin Signaling Pathway that Is Rescued byMutation of
crbS or acs1
We noted that transcription of ImpL2, an inhibitor of IIS, was
increased in wild-type V. cholerae infection but not in DcrbS
mutant infection. To test the hypothesis that IIS is deactivated
in response to wild-type V. cholerae infection, and furthermore
that deletion of crbRS or acs1 relieves inhibition, we interrogated
the status of the IIS pathway utilizing a fly line carrying GFP fused
to a pleckstrin homology domain (tGPH), which binds specifically
to membrane-associated phosphatidylinositol 3,4,5-trisphos-
phate (PIP3) (Britton et al., 2002). When phosphatidylinositol-3-
kinase is activated by the IIS pathway, PIP3 formed in the cell
membrane recruits cytoplasmic tGPH. No change in the distribu-
tion of tGPH was observed in enterocytes when Drosophilawere
given access to LB broth alone or inoculated with wild-type
V. cholerae, a DcrbS mutant, or a Dacs1 mutant (Figure 3A).
However, in the fat body, an important target of insulin signaling,
membrane association of tGPH was almost entirely eliminated
by wild-type V. cholerae infection and rescued by deletion of
DcrbS and Dacs1 (Figure 3B). Signaling through the IIS pathway
leads to phosphorylation of AKT (Figure 3C). To further support
our hypothesis, we measured levels of phosphorylated AKT in
Drosophila infected with wild-type and mutant V. cholerae (Fig-
ure 3D). Phosphorylation of AKT was greatly diminished in
wild-type V. cholerae, but not in DcrbS or Dacs1 infection. These
results suggest that wild-type V. cholerae infection decreases
signaling through the IIS pathway and that this inhibition is elim-
inated by mutation of either crbRS or acs1.
Deactivation of Host Insulin Signaling Is Not the Result
of Removal of Essential Nutrients from the Growth
Medium by V. cholerae or Infection-Induced Anorexia
During starvation, activation of the IIS pathway is appropriately
decreased. Therefore, we considered the possibility that con-
sumption of nutrients in the growth medium by V. choleraemight
be responsible for deactivation of the IIS pathway and early death.
In this case, the small amounts of acetate left in the medium by
DcrbRS and Dacs1 mutants might be enough to stave off host
starvation. To assess this, we prepared cell-free supernatants
from wild-type or mutant V. cholerae cultured in LB broth for
48 hr and fed these supernatants or sterile, fresh LB broth to flies.
Ingestion of spent supernatants did not deactivate the IIS pathway
as assayed by phosphorylation of AKT (Figure 3E) and did not lead
to premature death of the fly (Figure 3F). Therefore, we conclude
that nutrient depletion of themediumbyV. cholerae is not respon-
sible for deactivation of the IIS pathway and host death.
We then considered the possibility that infected flies might be
anorexic or too weak to eat. To assess the effect of infection on
food intake, we included fluorescein in the fly diet and thenCell Host &measured fluorescence released by homogenized flies (Fig-
ure 3G). On day 1, the intestines of all infected flies contained
less than those of flies fed LB broth alone, suggesting avoidance
behavior. Later in infection, the intestines of flies administered
wild-type V. cholerae contained as much food as those of flies
fed sterile LB broth, while the intestines of flies infected with a
DcrbS or Dacs1 mutant contained 50% more food than those
of LB-fed flies. These results demonstrate that flies infected
with wild-type V. cholerae continue to ingest food at a rate
adequate to sustain life. We hypothesize that the acetate pro-
duced by mutant V. cholerae during infection may increase
food intake or intestinal residence time. However, it is also
possible that flies infected with wild-type V. cholerae are physi-
cally unable to consume food at the rates observed for flies in-
fected with mutant V. cholerae.
Carbohydrate and Lipid Stores Are Decreased in
V. cholerae Infection
IIS signaling promotes glycogen synthesis and lipid storage in the
Drosophila fat body (Teleman, 2010). We hypothesized that
deactivation of the IIS pathway during V. cholerae infectionmight
result in generation of free glucose and glycerol through meta-
bolism of glycogen and lipid stores, respectively. Therefore, we
assessed total glucose, glycogen, glycerol, and triacylglycerol
as well as total protein levels over the course of wild-type
V. cholerae and DcrbS and Dacs1 mutant infections (Figures
4A–4E). Although flies infected with mutant V. cholerae have
greatly increased survival as compared with flies infected with
wild-type V. cholerae, the differences in metabolic stores be-
tween these two groups were relatively minor until flies neared
death on day 3. Small differences in carbohydrate metabolism
were noted, however. Flies infected with wild-type V. cholerae
showed a significant drop in glucose and glycogen levels on
the second day of infection. This was rescued by mutation of
crbS or acs1. During wild-typeV. cholerae infection, transcription
of host genes involved in intestinal digestion of carbohydrates is
repressed, insulin signaling is decreased, and carbohydrate
stores are consumed. We hypothesize that deactivation of the
IIS pathway and mobilization of glycogen stores may be an
appropriate response to decreased digestion of carbohydrates
in the intestine during infection.
Lipid metabolism showed a different pattern. Glycerol levels
increased in flies infected with mutant, but not wild-type,
V. cholerae, suggesting increased fat metabolism. At the same
time, TAG levels dropped less in flies infected with mutant
V. cholerae than in those infected with wild-type bacteria. These
results may indicate that flies infected with these mutants are
better able to take up and metabolize lipids than flies infected
with wild-type V. cholerae. We hypothesize that the acetate sup-
plied by these mutants promotes intestinal uptake and meta-
bolism of carbohydrates and lipids.
V. cholerae Infection Is Associated with Intestinal
Steatosis
To investigate the differences in lipid metabolism between flies
infected with wild-type and mutant V. cholerae, we assessed
the extent of TAG and sterol accumulation in the fly fat body
and intestine by Nile red and filipin staining, respectively (Fig-
ure 5). To compare the effects of starvation and infection on lipidMicrobe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc. 597
Figure 3. V. cholerae Infection Deactivates Systemic Insulin Signaling
(A and B) Visualization of the intestines (A) and the fat bodies (B) of flies carrying a pleckstrin homology domain fused to GFP (tGPH) that were fed LB broth alone
(LB) or infected with wild-type V. cholerae, aDcrbSmutant, or aDacs1mutant. Accumulation of tGPH at the cell membrane is indicative of IIS pathway activation.
Nuclei were visualized with DAPI, and the cell cytoskeleton was visualized with phalloidin.
(C) Downstream components of the IIS pathway. AKT is a serine/threonine kinase with a pleckstrin homology domain that becomes phosphorylated after binding
to PIP3 at the cell membrane.
(D and E) Western analysis of phosphorylated AKT or total AKT levels in whole flies fed LB broth alone or inoculated with wild-type V. cholerae or the indicated
mutants (D) and sterilized spent media derived from culture of the indicated bacterial strains in LB broth (E).
(F) Survival over time of flies fed sterilized spent media derived from culture of the indicated bacterial strains in LB broth.
(G) Ratio of the fluorescence of the homogenate of flies fed wild-type or mutant V. cholerae divided by that of flies fed LB broth alone for the length of time
indicated. LB broth was supplemented with fluorescein. The mean and SD are shown.
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Figure 4. V. cholerae Infection Alters the Host Metabolic Profile
(A–E) Measurements over time of total glucose (A), total glycogen (B), glycerol (C), total triacylglycerol (TAG) (D), and total protein (E) in whole flies fed LB broth
alone (LB) or inoculated with wild-type V. cholerae (WT), a DcrbS mutant, or a Dacs1 mutant. The mean and SD are shown.
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While the fat bodies of wild-type V. cholerae-infected flies were
depleted of TAG and sterols, lipid accumulation in the fat bodies
of flies fed a DcrbS mutant, a Dacs1 mutant, or PBS alone was
most similar to that of flies fed LB broth (Figures 5A–5D). How-
ever, a different pattern was observed in the intestines of these
animals. In particular, TAG and sterols were greatly increased
in the enterocytes of flies infected with wild-type V. cholerae as
compared with flies fed a DcrbS mutant, a Dacs1 mutant, LB
broth, or PBS alone. Ingested lipids are degraded in the intestinal
lumen, transported into enterocytes, and then either seques-
tered in lipid droplets or loaded onto lipid carrier proteins for
transport to adipose tissue (Arrese and Soulages, 2010; Palm
et al., 2012). Our data suggest that host lipid transport andmeta-
bolism are disrupted by infection with wild-type V. cholerae. This
is not simply the result of starvation. Rather, we hypothesize that
consumption of acetate by V. choleraewithin the fly intestine dis-
rupts the normal accumulation of lipids in adipose tissue leading
to intestinal steatosis.
Uninfected Germ-free Flies Exhibit Deactivation of
Insulin Signaling and Intestinal Steatosis that Is
Rescued by Acetate Supplementation
The commensal microbiota of the intestine synthesizes most of
the acetate found in this compartment (Shin et al., 2011). We hy-Cell Host &pothesized that if decreased levels of intestinal acetate were
responsible for metabolic dysregulation during V. cholerae in-
fection, then uninfected germ-free flies should display a similar
metabolic dysregulation. To test this, we generated germ-free
flies (Figure 6A). Because V. cholerae greatly outnumber the
commensal microbiota during infection (Figures S4H and S4I),
we predicted that susceptibility to infection would be defined
by the V. cholerae strain rather than the presence or absence
of commensal microbiota. To confirm this, we compared survival
of conventionally raised and germ-free flies exposed towild-type
ormutant V. cholerae. As shown in Figure 6B, the presence of the
commensal microbiota did not alter susceptibility to infection.
In addition, we predicted that germ-free flies, which harbor
very low levels of intestinal acetate, would have decreased insu-
lin signaling, decreased lipid accumulation in the fat body, and
intestinal steatosis. As shown in Figure 6C, levels of phosphory-
lated AKT were lower in germ-free flies fed sterile LB broth than
in similarly treated conventionally raised flies. Furthermore, lipid
accumulation was decreased in the fat body and increased in the
enterocytes of the midgut (Figures 6D–6F). Therefore, as pre-
dicted, uninfected germ-free flies have a phenotype similar to
flies infected with wild-type V. cholerae. We reasoned that if
these metabolic abnormalities were the result of low levels of in-
testinal acetate then they should be reversed by acetate supple-
mentation. In fact, we found that ingestion of acetate rescuedMicrobe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc. 599
Figure 5. V. cholerae Infection Promotes Mobilization of Lipids from the Fat Body and Accumulation of Lipids in Enterocytes
(A and B) Nile red staining of neutral lipids (A) and filipin staining of sterol (B) in the fat body and intestine of flies fed LB broth or PBS alone or LB broth inoculated
with wild-type V. cholerae (WT), a DcrbS mutant, or a Dacs1 mutant.
(C and D) Quantification of numbers of TAG clusters observed in cells of the anterior midgut (AMC) by Nile red staining (C) or sterol clusters observed in the
posterior midgut cells (PMC) by filipin staining (D).
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Our findings provide strong support for the hypothesis that intes-
tinal acetate levels regulate activation of the IIS pathway and lipid
accumulation in adipose tissue.
Accumulation of Lipids in Enterocytes Contributes to
Host Demise
Infection with wild-type V. cholerae caused deactivation of
insulin signaling and accumulation of lipids in enterocytes. To
determine if this contributed to death of infected flies, we used
a commercial reagent (LRA) to remove lipids from LB broth.
This treatment did not affect the growth of V. cholerae in the fly
or in vitro (Figures 7A and 7B). Similar to infection with wild-
type V. cholerae in untreated LB broth, infection with wild-type
V. cholerae delivered in LRA resulted in decreased insulin
signaling as evidenced by decreased pAKT levels (Figure 7C)
and increased mobilization of TAG and sterol stores in the fat
body (Figure 7D). However, accumulation of TAG and sterols in
enterocytes was not observed (Figures 7E and 7F). We sought
to tie our observations of lipid transport inhibition to host mortal-
ity. We compared host survival of wild-type V. cholerae infection600 Cell Host & Microbe 16, 592–604, November 12, 2014 ª2014 Elsadministered in untreated LB broth or LB broth treated with LRA.
In spite of equivalent bacterial loads, flies infected with wild-type
V. cholerae in LB broth treated with LRA survived significantly
longer than flies infected in untreated LBbroth (Figure 7G). Taken
together, these data demonstrate that abnormal accumulation of
lipids in enterocytes plays a role in the lethality of V. cholerae
infection of the fly.
DISCUSSION
Here we describe the two-component system, CrbRS, which
plays a prominent role in V. cholerae virulence in an invertebrate
model of disease. We have discovered that this two-component
system regulates assimilation of acetate through transcriptional
activation of the gene encoding acetyl-CoA synthase in a pro-
cess previously coined the acetate switch (Wolfe, 2005). We
provide evidence that consumption of intestinal acetate by
V. cholerae affords this pathogen a growth advantage early in
infection, deactivates the host IIS pathway, and leads to intesti-
nal steatosis. This accumulation of lipids in enterocytes acceler-
ates host death in the face of infection. Our findings point to anevier Inc.
Figure 6. Elimination of the Commensal Microbiota Deactivates Insulin Signaling and Promotes Accumulation of Lipids in Enterocytes
(A) An agarose gel showing the product of 16S PCR using fly homogenates as a template and PCR primers specific for Lactobacillus sp (La), Acetobacter sp (Ac),
or all bacteria (Un) in conventionally raised flies (CV) or germ-free flies (GF). Std indicates the DNA ladder.
(B) Fractional survival of conventionally raised (CV) or germ-free (GF) flies fed either wild-type V. cholerae (WT) or a DcrbS mutant.
(C) Western analysis of phosphorylated AKT or total AKT levels in conventionally raised (CV) or germ-free (GF) flies fed standard fly food, sterile LB broth, or LB
broth supplemented with 50 mM acetate.
(D) Nile red staining of the fat bodies of flies treated as in (C).
(E and F) Quantification of the number of puncta (E) and the number of puncta-free (F) cells in the intestines of conventionally raised (CV) and germ-free (GF) flies
fed sterile LB broth alone or supplemented with acetate (GF+AC). The mean and SD are shown.
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terferes with intestinal control of the host endocrine system by
consuming SCFAs.
Intestinal acetate provides an important nutritional signal to
Drosophila that can be manipulated by commensal flora and
pathogens alike. For instance, Shin et al. (2011) recently showed
that production of acetate by the intestinal microbiota, which ac-
tivates the IIS pathway of Drosophila larvae, is essential for
development. In contrast, in V. cholerae infection of the fly, ace-
tate consumption leads to deactivation of the IIS pathway and
accumulation of lipids in the intestine. In fact, a critical distinction
between pathogenic and commensal bacteria of the intestine
may be their propensity to produce or consume SCFAs.
While a receptor for acetate has not been identified in
Drosophila, two G protein-coupled receptors that sense acetate
have been identified in mammals. These receptors, GPR 41/
FFAR3 and GP43/FFAR2, are widely distributed in the stomach,
small intestine, colon sympathetic nervous system, neutrophils,
and adipose tissue (Nøhr et al., 2013). Within the ileum, FFAR2
and FFAR3 are expressed by enteroendocrine L cells. Activation
of these receptors causes the release of peptide hormones
contained in these enteroendocrine cells, such as glucagon-
like peptide-1, which stimulates insulin secretion and inhibitsCell Host &glucagon secretion, and protein YY, which increases fluid uptake
and decreases gastrointestinal motility (Kaji et al., 2011; Nøhr
et al., 2013). Thus, in mammals, the SCFA receptors expressed
by enteroendocrine cells provide a pathway by which intestinal
pathogens can manipulate systemic host physiology.
In mammalian models of cholera, V. cholerae causes disease
from a location within the lumen of the ileum, where enteroen-
docrine L cells expressing SCFA receptors are positioned (An-
gelichio et al., 1999; Ritchie et al., 2010). Previous studies have
shown that the regulon of CrbS is highly expressed in the ter-
minal ileum of both humans and infant mice, suggesting that
the acetate switch may be thrown in this environment (Lom-
bardo et al., 2007; Mandlik et al., 2011; Osorio et al., 2005).
As further evidence of this, clinical studies show that SCFAs
are depleted in the stool of patients suffering from cholera
and that the reappearance of SCFA is associated with recovery
(Monira et al., 2010). These observations suggest that the
pathway by which V. cholerae controls host metabolism in
Drosophila is intact in the mammalian intestine and possibly
active in cholera.
Our results also show that V. cholerae infection results in lipid
accumulation in the host intestine. Interestingly, previous ana-
lyses of V. cholerae gene transcription within the mammalianMicrobe 16, 592–604, November 12, 2014 ª2014 Elsevier Inc. 601
Figure 7. Intestinal Steatosis Accelerates Host Death
(A) Quantification of bacterial burden in flies after 48 hr of ingestion
of V. cholerae in LB broth alone (LB) or treated with lipid removal reagent
(LB+LRA).
(B) Cfu/ml of V. cholerae cultured in LB broth alone (LB) or treated with lipid
removal reagent (LB+LRA) for 48 hr.
(C) Western analysis of phosphorylated AKT or total AKT levels in whole flies
fed LB broth treated with lipid removal reagent alone (LRA) or inoculated with
wild-type V. cholerae (LRA/WT).
(D) Nile red and filipin staining of the fat bodies of flies treated as in (A).
(E and F) Quantification of accumulation of TAG (E) or sterols (F) in the enter-
ocytes of flies treated as in (A).
(G) Survival over time of control flies fed LB alone (LB), LB treated with lipid
removal reagent (LRA), or wild-type V. cholerae in untreated LB (LB/WT) or LB
treated with LRA (LRA/WT).
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animals suggest that fatty acids may be a key substrate for
V. cholerae during infection of the mammalian host (Mandlik
et al., 2011). Furthermore, fatty acids inhibit the activity of the
ToxT gene product, a key virulence regulator ofV. cholerae (Low-
den et al., 2010). Therefore, modulation of the lipid content of the
host intestine by V. cholerae could be an important mechanism
by which the pathogen tailors its nutrient supply and tempers
its virulence.
In regions of the world where transmission of disease by the
fecal-oral route is rampant, diarrhea represents a nutritional
setback for those whose nutritional status is already marginal.
Here, we present a mechanism by which intestinal pathogens
may interfere with host nutrient absorption through consumption
of intestinal SCFA. The addition of nondigestible starches to diar-
rheal rehydration solutions has been promoted as a means of
increasing SCFA and thus water reabsorption in the distal colon
(Hoekstra et al., 2004). Our studies provide an additional ratio-
nale for the use of these types of prebiotic therapies as well as
probiotic therapies in augmenting the supply of SCFA within
the terminal ileum during cholera infection.
EXPERIMENTAL PROCEDURES
Survival Assays
Survival assays were performed in an arthropod containment level 2 facility.
Ten 3- to 5-day-old male Oregon R flies were placed in each of three fly vials
prepared with a cellulose acetate plug infused with a 3 ml suspension of
V. cholerae in LB broth. Vials were monitored daily.
Genetic Screen
In the primary screen, survival of ten flies cohoused in one fly vial was recorded
for each mutant infection. Experimental replicates were not performed. Vials
were monitored twice daily for 5–7 days.
Bacterial Burden Measurements
After access to V. cholerae for the indicated time in either LB broth or PBS, flies
were collected, rinsed three times in 70% ethanol and then PBST (PBS + 0.1%
Tween 20) to remove adherent bacteria, and homogenized in PBS. Dilutions
were plated on LB agar supplemented with streptomycin.
RNA-Seq Analysis
After ingestion of wild-type V. cholerae or a DcrbS mutant in LB broth for
48 hr, 15–20 flies were snap frozen in an ethanol/dry ice bath, stored at
80C, and then homogenized in TRIzol (Invitrogen). Nucleic acid was
precipitated with isopropanol. Samples were prepared for Illumina
sequencing and run as single-end 50 nt reads on a single lane of an Illumina
HiSeq 2000.evier Inc.
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Acetate levels in these supernatants were measured using an acetate kinase-
based kit (Megazyme International).
Staining of the Peritrophic Membrane
Male Oregon R flies (3–5 days old) were fed LB broth either alone or sup-
plemented with GFP-labeled V. cholerae for 2 days. The fly intestine was
removed, and the peritrophic membrane was exposed by tearing apart
the posterior midgut. After fixation with 4% formaldehyde and washing
with PBST, intestines were stained with 5.0 mg/ml wheat germ agglutinin
conjugated to Texas Red fluorescent dye (Molecular Probes), washed
with PBST, and imaged by confocal microscopy after embedding in Vecta-
shield mounting medium (Vector Labs). The thickness of the peritrophic
membrane was measured in at least three different regions of three individ-
ual intestines.
Quantification of Acetobacter and Lactobacillus sp. in Drosophila
The numbers of Acetobacter and Lactobacillus sp. in Drosophila intestines
were quantified by qPCR of conserved 16S DNA sequences and validated
by routine plating and enumeration of Acetobacter cfu.
Measurement of Reactive Oxygen Species
The compound 2,7-dichlorofluoresceindiacetate (DCF-DA, Sigma-Aldrich),
which fluoresces upon oxidation, was used to measure ROS.
Glucose, Glycogen, Glycerol, Triacylglyceride, and Protein
Quantification
For each condition, three cohorts of ten male flies representing independent
experimental replicates were homogenized in 200 ml of PBST and heated at
70C for 5min to inactivate endogenous enzymes. Homogenates were cleared
by centrifugation for 3 min. For glycogen measurements, amyloglucosidase
(Sigma-Aldrich) was first used to digest glycogen. Then total glucose in amy-
loglucosidase-treated and untreated supernatants was measured using a
glucose assay kit based on glucose oxidase activity (Sigma-Aldrich). Glycerol
in supernatants wasmeasured using the free glycerol reagent (Sigma-Aldrich).
Triacylglycerides were measured using a similar procedure in conjunction with
the triglyceride reagent (Sigma-Aldrich). Total protein was quantified by Coo-
massie Plus Protein Assay (Thermo Scientific).
Lipid Staining
The intestines and fat bodies of adult flies were removed. After fixation with 4%
formaldehyde and washing with PBST (PBS + 0.1% Tween 20), intestines and
fat bodieswere stainedwith 1 mg/ml DAPI, 10%Nile red (Sigma-Aldrich), Filipin
III (Sigma-Aldrich), and 200 nM phalloidin (Molecular Probes) as noted and
then washed again with PBST. Intestines were then mounted and imaged us-
ing an LSM700 confocal microscope (Zeiss). For quantification, the number of
punctawas divided by the number of nuclei in a high-power field (HPF). At least
five HPFs were scored for each experiment.
See Supplemental Experimental Procedures for details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.chom.2014.10.006.
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